A theoretical model was developed to allosterically inhibit the biological activity of dengue virus (DENV) by targeting the non-structural protein ns2B-nsP3 protease based on the in silico studies. The imidazole, oxazole, triazole, thiadiazole, and thiazolidine based scaffolds were imported from the ZINC database, reported by various research group with different biological activity. They were found biologically active as they contain heterocyclic fragments. Generic evolutionary based molecular docking was performed to screen the highly potent molecule. The docking results show that the molecule having ZINC ID-633972 is best inhibitor. Further, the bioavailability and other physiochemical parameters were also calculated for the top four molecule. The highly potent molecule was further refined by the density functional theory and molecular dynamic (MD) simulation. The MD analysis coroborate the successful docking of the molecule in the binding cavity of nsP2B-nsP3 protease of DENV. The Molecular Mechanics Poisson-Boltzmann Surface Area approach was also applied and result coroborate the docking and MD result.
Introduction
Dengue virus (DENV) is the major health concern in the world especially in the tropical and subtropical areas. It's caused by the flavivirus and rapidly spread by the mosquito especially Aedes aegypti [1] . Four different stereotypes of the virus are DENV-1, DENV-2, DENV-3, and DENV-4. The genomic structure of all four serotypes are about 65 % similar. As per the World Health Organization (WHO), about 96 million clinical cases of dengue infections reported world wide annually. Due to the lack of specific treatment and vector control, dengue fever becomes fatal [2, 3] . After understanding the severity of dengue, the WHO recommended CYD-TDV and the licensed was given as Dengvaxia TM .
However, it is found that the efficacy of vaccine varies by serotype and the higher efficacy rates were reported against DENV-3 and DENV-4 in comparison to DENV-1 and DENV-2 [4] [5] . The non-structural protein, nsP2B-nsP3 protease of Dengue is involved in the catalytic infectious activity [6] . For the prevention of dengue fever, appropriate management of symptoms is needed by maintaining an adequate volume of fluids. There were some commercially available vaccine against dengue i.e., NITD-008 and Balapiravir and they were withdrawn due to toxicity and lack of potency against all four serotype. Celgosivir is a host alpha-glucosidase inhibitor and under clinical trial [7] . In present time, there is no drug available to protect against all four dengue serotypes. Although researchers are trying to develop a potential and cheap vaccine [8] . From the literature survey, it was found that thiazolidine and oxazole derived drugs have various biological activities like-anti-diabetic, anti-cancer, anti-HIV, anti-oxidant, etc [9, 10] . Imidazoles and thiadiazoles are important classes of heterocycle molecules [11, 12, 13, 14, 15, 16, 17, 18] . Imidazole ring is present in many natural biological building blocks and biological potent molecules. Triazoles have a wide range of industrial applications such as corrosion inhibitors, agrochemicals, etc [19] .
Herein, reported molecules based on imidazole, oxazole, triazole, thiadiazole, and thiazolidine scaffolds are used to find a biological potent inhibitors against nsP2B-nsP3 protease of dengue virus. A pipeline of work based on the computational technique like molecular docking, absorption, distribution, metabolism, and excretion (ADME), density functional theory (DFT), molecular dynamic (MD) simulation, and Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) is followed to find potential inhibitors for nsP2B-nsP3 protease of DENV.
Experimental
A methodology was developed to find the potential inhibitor from the library of molecules, and it can be understood from Fig. 1 . Based on the approach given, a total of 138 molecules based on imidazole, oxazole, triazole thiadiazole, and thiazolidine based scaffolds were screened against the ns2PB-nsP3 protease of DENV.
Preparation of ligands and receptor
A diverse set of a total of 138 ligands were taken from the ZINC database of imidazole, oxazole, triazole thiadiazole, and thiazolidine based scaffolds (Table 1 ) [20] . All molecules were subjected to the geometry optimization by performing the energy minimization to eliminate the stearic conflict in bond and angle of the crystal structure using the molecular mechanics as a force field, the root mean square (RMS) gradient norms for the optimization was set to 0.01. The Chem3D 12.0 of Perkin Elmer was used to optimize the ligand molecule. The nsP2B-nsP3 protease of DENV (PDB-ID 4M9F) was imported from protein data bank (RCSB) [21] . The preparation of receptor was performed using UCSF Chimera 1.11.2 in dock prep module, where the removal of solvents, adding hydrogen, replacing incomplete residues using Dunbrack rotamer library, conversion of selenomethionine to methionine, conversion of bromo-UMP to UMP, conversion of methylselenyl-dCMP to CPM and charges were assigned according to the AMBER.ff14SB force field [22] .
These optimized ligands and prepared receptor were used for further studies.
Docking protocol
Molecular docking between the optimized ligand and prepared ns2PB-nsP3 protease of DENV was carried out by the iGEMDOCK v2.1 [23] . The allosteric inhibition of the receptor was performed. Herein, the binding site was not defined and the whole protein was considered for the search of best cavity. iGEMDOCK uses generic algorithms (GA), the GA parameter was set to the default in drug screening mode, in which the population size is set to 200, generation is set to 70 and number of solution is set to 3.
Post dock screening and analysis
The post dock screening of the docked poses of all the molecule was done by the iGEMDOCK, where the top scored compound was screened on the basis of the total minimum binding energy of docking. The total binding energy of the protein-ligand complex can be given by Eq. (1).
where E VDW stands for van der Waal energy, H bond stands for hydrogen bonding energy and E Elec stands for electro statistic energy [23] .
The docked pose analysis of hit molecules were also performed by the Discovery Studio visualizer v17.2.016349 of Biovia [24] . Van der Waals interaction, electrostatic interaction and covalent interaction were analyzed in 2D, while the H-bonding with distance and H-bonding surface analysis were done in 3D. The binding cavity analysis and their corresponding amino acid contribution in the stabilization of the cavity were performed with the help of iGEMDOCK. [25] . This rule is very useful in the prediction of a new compound to act as a drug molecule based on the membrane permeability and absorbance in the organisms. Authors have already considered the reported drug molecules, although the drug-likeness parameters and other biological properties for top four drug molecule were calculated by using online server http://molinspiration.com/ and http://swissadme.ch/ [26, 27].
DFT studies
All DFT calculations for top four molecules were carried out using the GAUSSIAN 09 package [28] . Becke's 3 parameters functional Lee, Yang, Parr B3LYP and basis set 6-31þG(d) was used to optimize the geometries of the studied molecules [29] . Further, energy of highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of optimized structures were taken to calculate all the physiochemical descriptors. DFT is a very useful technique to provide the chemical descriptors like chemical potential (μ), electronegativity (χ), hardness (η), softness (S), and global electrophilicity index (ω). For the N-electron system having energy level E, the values of all the physiochemical descriptors can be given by Eqs. (2), (3), (4), (5), and (6) [30] .
MD simulation analysis
Molecular dynamic simulation was performed by GROMACS 5.1.4 [31] . Minimization of structural conflict in the structure of the protein was performed by applying the CHARMM force-field [32] . Solvation of the protein was done in the cubical fashion by the water taking as a simple point charge model. The neutralization of the solvated system was performed by replacing water with Na þ and Cl À ions. Further, the whole system was minimized to release the stearic conflict contacts by steepest decent algorithm for 50000 steps. The isothermal-isochoric (canonical) equilibration of the system was also performed by using leap-frog integrator and cut off scheme was set to verlet. The system was equilibrated for 100 ps in periodic boundary condition and the temperature was set to 300 K. Pressure of the system was set to 1 bar, the Parrinello-Rahman coupling was applied for pressure and the system is equilibrated for 100 ps in the periodic boundary condition. Finally, the Molecular Dynamics was performed for 30 ns with a leap-frog integrator and the coordinates of the system were recorded at every 10 ps for the further analysis of the system.
MM-PBSA analysis
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Where E MM is vacuum potential energy, E elec is electrostatic, E vdW is van der Waals, ϕ(r) is electrostatic potential, ε(r) is the dielectric constant, ρ f (r) is the fixed charge density, k is Boltzmann constant, γ is a coefficient related to the surface tension of the solvent, A is SASA, b is a fitting parameter, p is a coefficient related to pressure of the solvent and V is SAV.
Result and discussion

Docking results
Docking is the computational approach to find the suitable binding cavity in the protein and the small molecule can fit suitably with less perturbing the dynamics of the protein. Docking may be binding sitespecific or random to search a new active cavity [36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48] . Researcher reported the Flavonoids as non-competitive inhibitors for nsP2B-nsP3 protease of DENV, and mentioned formation of hydrogen bond between Gln88, Gln167, and Gly124 form Hydrogen bonding with the flavonoids [49] . https://www.ncbi.nlm.nih.gov/pubmed/?term¼Wu%20H%5BAuthor% 5D&cauthor¼true&cauthor_uid¼25487800 Qamar et al. 2016 reported the inhibition of dengue ns2PB-nsP3 protease of DENV by some heterocyclic molecules and reported active site as His51, Asp75, Ser135, Gly153, Gly151, Pro132, Val154 and Leu128 [50] . Herein, the allosteric binding cavity search approach was used to find potent candidate as well the new allosteric cavity within the receptor. Docking result in term of energy of all 138 molecules is mentioned in Table 2 Table 3 .
The binding cavity residues contribution for the top four molecules is analyzed. The δG binding versus contributing energy of amino acid residues of the binding cavity were also plotted and are given in Fig. 3a-d The structural properties of the nsP2B-nsP3 protease of DENV was analysed using the SAVES server (online) for Ramachandran plot [51] . The analysis is explained in Fig. 4 and Table 4 regarding the allowed and disallowed regions.
ADME results
Lipophilicity is one of the most important parameters to consider a molecule to be a drug, it is the ratio of the partition coefficient of octanol/ water and its value should be less than five [25] . H-Bond donor (HBD) and H-Bond acceptor (HBA) are also valuable parameters for a drug, the value of HBD should be less than five and the value of HBA should be less than ten [52, 53] . Topological polar surface area (TPSA) for drug-likeness is also an important parameter and the value of TPSA should be less than 130 Å 2 , the solubility of the molecule log S, should not be more than 6 [54] . The results are incorporated in Table 5 . TPSA is considered to be a useful parameter for the guess of drug transport properties of the ligands and obtained results are incorporated in Table 6 . Total polar surface area (TPSA) of the screened molecules was determined using the online server, molinspiration (www.molinspir ation.com) and the absorbance are calculated according to Eq. (15) [55] .
The top four molecules shows good activity for Gastrointestinal (GI) absorption, Blood Brain Barrier (BBB), permeability glycoprotein (P-gp), Cytochrome P450 (CYP) isoenzyme, Molinspiration based Log P (miLog P), GPCR ligand, Ion channel modulator, Kinase inhibitor, Nuclear receptor ligand, Protease inhibitor and Enzyme inhibitor. TPSA of the top compounds are found within the range and % ABS of 633972 is good. The GI absorption of 633972 is high. The miLog P value of 633972 and 633992 is less than five while for the 8442220 and 8442281 is more than five. In general, compound having positive values are considerably biological active, the value in between the 0 to -0.50 is moderately active while the value less than -0.50 is presumed as inactive. The GPCR ligand value of 633972, 8442220 and 8442281 shows the moderate activity while compound 633992 is the inactive. The ion channel modulator value shows that compound 633972 is moderately active while the rest are biologically inactive. The kinase inhibitor value for 633972 is inactive while for the rest all it is moderately active. The nuclear receptor ligand value for the molecule 8442220 is moderately active while for rest all are inactive. The protease inhibitor and enzyme inhibitor value for the molecule 633992 is inactive while for the rest all are moderately active.
DFT results
DFT approach is used to study the various electronic parameters of a molecule to refine it as a potent among the numerous one [56] . The values of energy of highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) for a biologically potent molecule and the energy gap between the HOMO and LUMO are useful to understand their biological and chemical potency [57] . Value of HOMO, LUMO and various electronic descriptors of singlet state of top four molecules are given in Table 7 .
The HOMO~LUMO gap for molecule 633972 is largest among the top four molecules. The HOMO of molecule 633972 has the lowest value among all top four molecule and indicate more tendency to donate electron to the LUMO of an amino acid of the active cavity of receptor. The chemical hardness and softness parameter are useful to predict the molecular reactivity and stability of the molecule in the various environment. More the softness or less the hardness value make the molecule more polarizable. The chemical hardness value of 633972 molecules is maximum and it reveals that this is enough hard in the active cavity of receptor. The overall hardness order of the molecules is 633972 > 633992>8442281 > 8442220. When the molecule achieves equilibrium in any medium the ability of a molecule to leave the electron is known as chemical potential (μ), and the chemical potential order of the molecule is 8442220 > 633972>633992 > 8442281. The ability of attraction of electron of shared covalent bond in the molecule is known as the electronegativity. The overall electronegativity order of the molecules is 8442220 > 633992>633972 > 8442281. The electrophilicity value defines the ability to accept the electron of the inhibitor molecule in the binding cavity of protein. The order of electrophilicity value is 8442281 > 8442220>633992 > 633972. The overall electronic descriptors of all molecules shows good agreement with the docking result, hence the molecule 633972 can be chosen for further studies. The HOMO-LUMO gap of the top four molecules are given in Fig. 5 .
The frontier orbital pictorial representation of the top four molecules was also analyzed to find the electronic distribution over the molecule. The orbitals are dually colored in red and green color, the red color represents the positive lobe while the green color represents the negative lobe. The HOMO, LUMO and optimized geometry of molecule 633972, 633992, 8442220 and 8442281 are given in Fig. 6 . For 633972, the HOMO is concentrated on benzene ring while the LUMO on the amide part of the molecule. For 633992, the HOMO is centred on benzene ring while LUMO on the triazole ring. In case of 8442220 the HOMO and LUMO both are centered on one pyrazolidine ring of the molecule. For 8442281, the HOMO and LUMO is almost centered on the benzene ring.
MD simulation
MD study the biological function based on the molecular interactions. The conformations of receptor are the key to these biological functions.
These conformational changes can be checked or regulated in a certain direction with the help of external ligand (allosteric regulators) [58] . The ligand can bind into the binding pocket and inhibit some unusual function of the receptor. The MD simulation of a few nanoseconds can predict some of the structural or conformational changes of receptor in the presence of ligand [59] . Top-ranked molecule from the library, 633972 is selected for the MD simulation. Root mean square deviation (RMSD) measures the deviation of atomic positions of protein Cα atoms. The RMSD of Cα atoms of the protein backbone can be used as a quantitative measurement tool to find the structural deviation of two superimposed protein macromolecule [60] . The RMSD of nsP2B-nsP3 protease of DENV with and without 633972 are given in Fig. 7 . The RMSD of receptor shows more deviation in the atomic positions. The RMSD value of protein is ranged around 0.3 nm, while the RMSD value of receptor-ligand complex is almost invariant around 0.2 nm. The more deviation in the case of receptor indicates the loop structure in protein macromolecule. The RMSD result clearly shows the successful stabilization of protein after the binding of a ligand in the active cavity of receptor.
MM-PBSA
In the docking, the docking algorithms are used to calculate the binding energy of the ligand to the receptor, but these algorithms are not accurate. To find the more accurate binding energy, the molecular mechanics combined with the Poisson-Boltzmann equation is used. It uses a time scaling parameter to calculate it. The values of all energies calculated in the mmpbsa analysis are given in Table 8 . The binding energy value of ligand to the protein for 633972 was found to be -56.947 kJ/ mol, and the van der Waal energy was found to -110.221 kJ/mol. All values corroborate the docking and MD results. Electrostatic energy was found to -20.364 kJ/mol, while the electrostatic interaction is zero in the docking result, this result shows that the more accurate prediction of energy values by the mmpbsa analysis. The polar solvation energy, solvent assessable surface area energy, solvent accessible volume (SAV) and Weeks-Chandler-Andersen (WCA) energies of the top molecule were 86.909 kJ/mol, -13.272 kJ/mol, 0 kJ/mol and 0 kJ/mol respectively.
Conclusion
In this present work, the authors consider the hetrocyclic molecules reported by the various research group with different biological activity. The top four molecules 633972, 633992, 8442220 and 8442281 are chosen based on the minimum binding energy of docking with ns2PB-nsP3 protease of DENV among the 138 molecules. These top four molecules are further refined on the basis of ADME properties and electronic descriptors. Based on the docking, ADME and DFT 633972 was chosen for the MD simulation and mmpbsa analysis. The RMSD from MD result clearly corroborates the docking result that the nsP2B-nsP3 protease of DENV gets stabilized after the binding with 633972. The binding energy value for the complex by mm-pbsa analysis was also found to be negative and support the inhibition.
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